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Abstract
Smoking, unhealthy alcohol consumption, poor diet andBackground: 
physical inactivity are leading risk factors for morbidity and mortality, and
contribute substantially to overall healthcare costs. The availability of health
surveys linked to health care provides population-based estimates of direct
healthcare costs. We estimated health behaviour and
socioeconomic-attribute healthcare costs, and how these have changed
during a period when government policies have aimed to reduce their
burden. 
 The Ontario samples of the Canadian Community HealthMethods:
Surveys (conducted in 2003, 2005, and 2007-2008) were linked at the
individual level to all records of health care use of publicly funded
healthcare. Generalized linear models were estimated with a negative
binomial distribution to ascertain the relationship of health behaviours and
socioeconomic risk factors on health care costs. The multivariable cost
model was applied to unlinked, Ontario CCHS samples for each year from
2004 to 2013 to examine the evolution of health behaviour and
socioeconomic-attributable direct health care expenditures over a 10-year
period.
 We included 80,749 respondents, aged 25 years and older, andResults:
312,952 person-years of follow-up. The cost model was applied to 200,324
respondents aged 25 years and older (CCHS 2004 to 2013). During the
10-year period from 2004 to 2013, smoking, unhealthy alcohol
consumption, poor diet and physical inactivity attributed to 22% of Ontario’s
direct health care costs. Ontarians in the most disadvantaged
socioeconomic position contributed to 15% of the province’s direct health
care costs. Combined, these health behaviour and socioeconomic risk
factors were associated with 34% ($134 billion) of direct health care costs
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 factors were associated with 34% ($134 billion) of direct health care costs
(2004 to 2013). Over this time period, we estimated a 1.9% reduction in
health care expenditure ($5.0 billion) attributable to improvements in some
health behaviours, most importantly reduced rates of smoking.
 Adverse health behaviours and socioeconomic positionConclusions:
cause a large direct health care system cost burden.
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Introduction
Smoking, unhealthy alcohol consumption, poor diet and 
physical inactivity are leading risk factors for morbidity and 
mortality worldwide1. Despite this knowledge, prevalence of 
these risk factors remains high and reduction efforts may be 
hindered by failure to understand the full human and cost 
burdens these risk factors impose on societies2. In an era of 
increasing health care expenditure most political focus has 
been on payments for services and the growing impacts of 
diagnostic and therapeutic technologies. There is also a need 
to consider costs resulting from upstream health behaviours, 
and how these have changed over time, to help prioritize 
public health strategies and support public health decision 
makers. These relationships are likely to be complex because 
of some conflicting trends in the prevalence of health 
behaviours3,4.
While health behaviours have a leading role in morbidity and 
mortality, it is also recognized that there is uneven distribution 
of health across socioeconomic position (i.e., social and 
economic factors that influence what position individuals hold 
within the structure of a society5). Canadian research indicates 
that individuals with lower socioeconomic position tend to be 
less healthy than those who enjoy greater educational, income 
and occupational advantages6–9. As with health behaviour- 
attributable health care use, evidence of the economic cost of 
these health disparities helps us understand the health and financial 
benefits of reducing the gap6.
We sought to estimate the economic burden attributable to 
four health behaviour risk factors (smoking, unhealthy alcohol 
consumption, poor diet and physical inactivity), how these have 
changed over time, and how they interact with socioeconomic 
position. The study had three objectives: 1) to examine the direct 
healthcare costs associated with smoking, unhealthy alcohol 
consumption, poor diet and physical inactivity; 2) to examine the 
change in direct health care costs as a consequence of changes, 
over time, in these health behaviours; and, 3) to examine the direct 
health care costs associated with socioeconomic position (i.e., 
education, family income, home ownership, and neighbourhood 
deprivation).
Past studies typically infer health care costs indirectly— 
where aggregate health care expenditure data is categorized by 
disease, for example. We used unique Canadian data that indi-
vidually link respondents from large repeated population health 
surveys to comprehensive health care utilisation and cost data 
covering hospital and primary care sectors in Ontario. These 
data provide, to our knowledge, the largest and most complete 
population-based examination of the relationship between health 
behaviours and direct public healthcare costs. We believe this 
is the first study to measure directly how changes in health 
behaviours result in changes in health care use. The linked data 
also provide the means to assess the degree to which health 
costs are associated with socioeconomic inequalities.
Methods
Ethical approval
This study was approved by the Ottawa Health Science 
Network Research Ethics Board. Datasets were linked using 
unique encoded identifiers and analysed at ICES. ICES is an 
independent, non-profit research institute whose legal status 
under Ontario’s health information privacy law allows it to collect 
and analyse health care and demographic data, without consent, 
for health system evaluation and improvement.
Study cohorts
We used the Ontario sample drawn from a national population 
health survey—the Canadian Community Health Survey 
(CCHS), conducted in 2003, 2005, 2007-2008, 2009-2010, 
2011-2012, and 2013-2014 to develop linked and unlinked study 
cohorts. The CCHS is a cross-sectional survey conducted by 
Statistics Canada that collects data related to health determi-
nants, health status and health care use—details of data col-
lected and used in the analyses are provided below. The survey 
employs a complex multistage sampling strategy to randomly 
select households in each health region. Details of the survey 
methodology have previously been published10. A weight, which 
reflects the number of individuals represented in the target 
population, is assigned to each respondent; the target popu-
lation includes individuals aged 12 years and older living in 
Canada’s ten provinces and three territories. Individuals living 
on First Nation Reserves, institutionalized residents, full-time 
members of the Canadian Forces and residents of certain remote 
areas are excluded from the survey’s sampling frame.
For the linked study cohort, the Ontario sample of the 2003, 
2005, and 2007-2008 CCHS cycles provided 128,501 valid 
interviews. Of these respondents, a subset agreed to share and 
link their interview information and 101,506 were successfully 
linked to their provincial health card number using a deter-
ministic and probabilistic algorithm. We included respondents 
aged 25 years and older if they were eligible for provincially 
funded health care and not pregnant at the time of survey 
administration. For individuals with multiple interviews, only 
the earliest interview was included. We excluded individu-
als who were lost to follow-up in the first year following their 
interview (i.e., they were not available at the beginning of the 
study). This resulted in a final cohort of 80,749 unique Ontario 
respondents (see Figure 1).
            Amendments from Version 1
This revised submission addresses the issues raised by the 
reviewers 1 and 2. Major changes include: 
1) Added sections detailing the proportion of health care costs 
covered by Ontario’s public health care system.
2) Clarified the methods for modelling person-level health care 
costs, the stepped approach to model building, and the follow-up 
period. 
3) Added details to more fully describe our measurement of 
sociodemographic and behavioural risk factors. A data dictionary 
was added to the supplementary files, as well as links to survey 
questionnaire. 
4) Added a discussion about generalizability of study finding 
outside Canada.
5) The revised supplementary file has the titles for exhibits A-5 to 
A-8 edited to indicate four instead of five-year time period. 
Any further responses from the reviewers can be found at the 
end of the article
REVISED
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Figure  1.  Creation  of  study  cohort  for multivariable  cost model. CCHS, Canadian Community Health Survey; OHIP, Ontario Health 
Insurance Program.
The Ontario sample of all six CCHS waves provided 200,324 
valid respondents aged 25 years and older for the unlinked study 
cohort. This cohort was used to estimate direct health care costs 
by applying the multivariable model that was derived using the 
linked cohort CCHS data (see Model Development).
Behavioural and other risk factors for health care use
The CCHS waves were used to examine the following risk 
factors for their association with health care use: age, sex, four 
health behaviours (smoking, alcohol consumption, diet and 
physical activity), sociodemographic factors (immigrant sta-
tus, education level, urban dwelling, neighbourhood deprivation, 
household income, home ownership, marital status), self-perceived 
stress, preventive health behaviour (flu vaccination), and health 
status indicators (body mass index, hypertension, diabetes, heart 
disease, cancer, history of stroke, dementia, and extent of difficulty 
in performing basic tasks or participating in activities).
Smoking behaviour was described by combining separate ques-
tions about smoking status, daily cigarette consumption, and 
past smoking behaviour. We categorized current smokers and 
former smokers as heavy or light (see Table 1). Alcohol drinking 
behaviour was specified as heavy, moderate and light/non using 
cut-points for daily alcohol consumption and the presence of 
bingeing behaviour (see Table 1). Physical activity was included 
as the average daily energy expended during leisure time activi-
ties by the respondent. The energy expenditure was calculated 
using the frequency and duration per session of the physical 
activity as well as the metabolic equivalent of task (MET) value 
of the activity. The MET is a value of metabolic energy cost 
expressed as a multiple of the resting metabolic rate and tends to 
be expressed in three intensity levels (i.e., low, medium, high). 
The CCHS questions did not ask the respondent to specify 
the intensity level of their activities. We used the MET values 
adopted correspond to the low intensity value of each activity—an 
approach adopted from the Canadian Fitness and Lifestyle 
Research Institute that responds to the tendency of individuals to 
overestimate the intensity, frequency and duration of their 
activities. Using the same criteria as the Ontario Health Study 
and the Campbell Survey on Well-Being in Canada, physical 
activity was categorized as active, moderately active, or inac-
tive (see Table 1). Diet was included using an index (the Perez 
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Table 1. Definitions of behavioural health risks.
Behaviour Category* Definition
Smoking Heavy smoker Current daily smoker (≥20 cigarettes/day) 
Light smoker Current daily smoker (<20 cigarettes/day) or current 
occasional smoker with ≥100 lifetime cigarettes
Former heavy smoker Former daily smoker (≥20 cigarettes/day)
Former light smoker Former daily smoker (<20 cigarettes/day) or former 
occasional smoker with ≥100 lifetime cigarettes
Non-smoker Never smoker or occasional smoker <100 lifetime cigarettes 
Alcohol Heavy drinker Bingeing‡ or >21 (men) or >14 (women) drinks/week 
Moderate drinker ≤21 (men) or ≤14 (women) drinks/week with no bingeing 
Non-drinker No alcohol consumption in the last 12 months
Diet Poor diet Index score† 0 to <2.5 
Fair diet Index score 2.5 to <5
Adequate diet Index score 5 to 10 
Physical activity Inactive 0 to <1.5 MET-hours/day 
Moderately active 1.5 to <3 MET-hours/day
Active ≥3 MET-hours/day 
*Highest risk levels are in bold and lowest risk levels (reference group) are in italics.
‡Bingeing: five or more drinks on any day in the previous week or weekly bingeing behaviour in the previous month.
†Index score: the healthiness of a diet based on consumption of fruit and vegetables. Individuals start with 2 points 
and achieve up to 8 additional points for each average daily serving of fruits and vegetables (maximum score = 10). 
Points are deducted for daily fruit juice servings exceeding 1 (-2 points), no carrot consumption (-2 points), or daily 
potato consumption exceeding 1 serving for males and 0.7 servings for females (-2 points). Scores that result in 
negative values after deductions are recoded to zero, resulting in a final range of 0 to 10 for the index.
MET, metabolic equivalent of task (a measure of calories burned by type, duration and frequency of physical activity).
Diet Score) that considers the possibility that different dietary 
components can be protective (fruit and vegetable and carrot 
consumption) or harmful (high potato or fruit juice 
consumption)11. The index was categorized into three groups (see 
Table 1).
All sociodemographic and health status indicators were based 
on the self-reported responses and are presented in Table 2, 
however, our area-based measure of deprivation requires addi-
tional detail. Neighbourhood deprivation was developed using 
the Deprivation Index originally published by Pampalon and 
Raymond12. The index, which serves as a proxy for individual-
level measures, categorizes the smallest geo-statistical units of 
the Canadian census (dissemination areas) into two sets of quin-
tile groups. The first quintile group, for material components of 
deprivation, is based on average income, percent without high 
school graduation, and the employment ratio. The second quin-
tile group, for social components of deprivation, is based on 
percent of single-parent families, percent of people living 
alone, and percent of people divorced, widowed or separated)13. 
In each quintile group, Q1 represents the 20% least deprived 
and Q5 represents the 20% most deprived. These quintiles are 
cross tabulated to create 25 distinct cells. Dissemination areas 
with material and social combinations in the first and second quin-
tiles (four cells) were categorized as having low neighbourhood 
deprivation. Dissemination areas with material and social com-
binations in the fourth and fifth quintiles (four cells) were 
categorized as having high neighbourhood deprivation. All 
other dissemination areas were categorized as having moderate 
neighbourhood deprivation.
Public health care spending data
Canada’s health care system is publicly funded and built 
on the principal of universal coverage for medically neces-
sary health care services. The federal government sets national 
principals for the health care system and provides transfer 
payments to the provinces and territories who, in turn, admin-
ister and deliver health care services. While they are expected to 
meet the national principals, it is up to the individual provincial 
and territorial health insurance plans to determine which serv-
ices are medically necessary for health insurance purposes and 
to decide whether supplementary benefits, like dental care, home 
care, long-term care, and drug coverage, are covered. Those 
who do not qualify for supplementary benefits under govern-
ment plans pay for these services (ether through out-of-pocket 
payments of through private insurance plans). Health expen-
ditures vary across the provinces and territories —due, in part, 
to differences in the services that each province and territory 
covers as well as to sociodemographic differences. Nation-
ally, approximately 70% if healthcare expenditures is publicly 
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Table 2. Baseline description of the study cohorts.
Male cohort Female cohort
Survey 
sample* %
Person-
years
Represented 
population‡ %
Survey 
sample* %
Person-
years
Represented 
population‡ %
(N=36,807) (N=3,962,088) (N=43,942) (N=4,131,570)
Age group (years) 
      25 to 29 7.4 10,668 9.1 7.3 12,642 8.8
      30 to 34 9.0 13,001 10.0 8.5 14,714 9.1
      35 to 39 10.3 14,957 11.5 9.1 15,888 11.5
      40 to 44 11.1 16,183 14.5 8.8 15,326 12.5
      45 to 49 9.0 13,059 11.5 8.1 14,149 11.6
      50 to 54 9.6 13,847 10.2 9.4 16,256 10.2
      55 to 59 10.0 14,420 9.6 10.3 17,760 9.1
      60 to 64 9.0 12,897 7.2 9.0 15,451 7.2
      65 to 69 7.9 11,152 5.6 8.0 13,568 6.2
      70 to 74 6.8 9,408 4.6 7.5 12,650 5.0
      75 to 79 5.3 7,004 3.4 6.5 10,654 4.2
      80 to 84 3.1 3,907 2.0 4.8 7,575 2.8
      85 to 89 1.2 1,356 0.7 2.1 3,257 1.3
      90+ 0.3 320 0.2 0.7 883 0.4
Health Behaviours 
Smoking status 
      Heavy smoker 10.7 15,116 9.2 5.8 9,828 4.8
      Light smoker 14.5 20,642 15.4 14.8 25,234 13.8
      Former heavy smoker 20.0 27,998 16.0 9.5 16,010 7.7
      Former light smoker 17.4 24,531 16.8 18.0 30,678 16.3
      Non-smoker 36.5 52,432 41.8 51.0 87,361 56.6
      Missing 1.1 1,460 0.9 1.0 1,661 0.8
Alcohol consumption 
      Heavy drinker 12.3 17,695 10.9 3.4 5,762 3.3
      Moderate drinker 70.7 100,787 71.8 72.2 124,162 70.0
      Non-drinker 15.1 20,940 15.3 23.3 38,974 25.6
      Missing 2.0 2,758 2.0 1.1 1,876 1.1
Physical activity 
      Inactive 46.5 65,794 47.8 52.8 89,455 54.3
      Moderately active 25.2 36,032 24.3 25.6 44,103 24.5
      Active 26.1 37,473 25.1 20.8 35,913 19.7
      Missing 2.2 2,880 2.8 0.9 1,302 1.5
Diet 
      Poor diet 15.0 21,400 14.2 8.6 14,632 8.3
      Fair diet 41.7 59,340 40.3 30.0 50,933 29.2
      Adequate diet 38.6 55,167 40.7 58.2 99,981 59.0
      Missing 4.7 6,272 4.8 3.3 5,227 3.6
Sociodemographic 
Indicators 
Immigrant status 
      Immigrant 21.8 30,837 33.5 21.5 36,779 33.9
      Non-immigrant 78.1 111,177 66.2 78.3 133,765 65.8
      Missing 0.1 165 0.3 0.1 228 0.4
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Male cohort Female cohort
Survey 
sample* %
Person-
years
Represented 
population‡ %
Survey 
sample* %
Person-
years
Represented 
population‡ %
(N=36,807) (N=3,962,088) (N=43,942) (N=4,131,570)
Ethnicity 
      White 88.9 126,274 78.9 89.7 152,990 79.3
      Non-white 10.7 15,357 20.5 10.0 17,183 20.1
      Missing 0.4 548 0.6 0.4 600 0.5
Education 
      Less than high school 18.9 25,984 14.8 20.2 33,702 16.5
      High school graduate 22.7 32,530 22.2 25.0 42,730 24.9
      Post-secondary graduate 57.5 82,404 61.8 54.1 93,212 57.7
      Missing 0.9 1,262 1.2 0.7 1,129 0.9
Marital status 
      Married/common-law 67.8 96,810 76.8 57.7 99,508 68.8
      Other 32.2 45,306 23.2 42.3 71,197 31.2
      Missing 0.0 64 0.0 0.0 68 0.0
Residence ownership 
      Yes 79.3 113,229 79.9 75.9 130,283 77.8
      No 20.5 28,730 19.7 23.9 40,246 21.9
      Missing 0.2 221 0.3 0.1 244 0.3
Household income ($) 
      0 to 29,999 16.6 22,903 11.0 25.9 43,299 16.4
      30,000 to 79,999 45.5 64,687 40.1 41.6 71,561 39.3
      80,000+ 32.2 46,643 40.3 23.5 40,774 31.0
      Missing 5.7 7,946 8.6 9.0 15,140 13.3
Preventive healthcare 
Flu shot 
      Yes 61.6 87,077 58.0 68.6 116,714 63.4
      No 36.0 51,907 38.9 30.5 52,701 35.0
      Missing 2.5 3,195 3.1 0.9 1,358 1.5
Geography 
Urban 
      No 22.3 31,709 14.9 21.0 36,089 14.3
      Yes 77.7 110,471 85.1 79.0 134,684 85.7
Neighbourhood 
deprivation 
      High 15.1 21,394 11.8 16.3 27,519 12.6
      Moderate 62.3 88,446 60.8 62.3 106,413 61.2
      Low 20.6 29,532 25.3 19.3 33,198 24.2
      Missing 2.0 2,807 2.1 2.2 3,643 2.0
General health indicators 
Self-perceived stress 
       Quite a bit or extremely 
stressful
20.2 28,881 23.0 21.5 36,892 24.4
      At most, a bit stressful 79.5 112,917 76.7 78.2 133,339 75.4
      Missing 0.3 382 0.3 0.3 542 0.3
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Male cohort Female cohort
Survey 
sample* %
Person-
years
Represented 
population‡ %
Survey 
sample* %
Person-
years
Represented 
population‡ %
(N=36,807) (N=3,962,088) (N=43,942) (N=4,131,570)
Body mass index 
      Underweight 0.7 926 0.8 2.7 4,428 3.2
      Normal 43.5 62,221 43.3 29.9 51,187 28.3
      Overweight 15.6 22,224 13.9 12.5 21,474 10.9
      Obese 4.8 6,884 4.0 6.3 10,740 5.3
      Morbidly Obese 34.2 48,428 36.5 45.5 77,566 48.5
      Missing 1.2 1,497 1.5 3.2 5,378 3.9
Indicators of illness 
Hypertension 
      Yes 22.7 31,629 18.9 25.7 43,146 20.5
      No 77.0 110,133 80.8 74.2 127,408 79.4
      Missing 0.3 417 0.3 0.1 218 0.1
Diabetes 
      Yes 8.7 11,757 7.2 7.5 12,319 6.2
      No 91.3 130,305 92.7 92.5 158,364 93.8
      Missing 0.1 118 0.1 0.1 90 0.0
Heart disease 
      Yes 9.4 12,559 6.8 7.9 12,819 5.5
      No 90.4 129,348 93.0 91.9 157,654 94.3
      Missing 0.2 272 0.1 0.2 299 0.2
Cancer 
      Yes 2.9 3,754 2.1 2.6 4,199 2.0
      No 97.0 138,284 97.9 97.3 166,374 97.9
      Missing 0.1 141 0.1 0.1 200 0.1
Stroke 
      Yes 2.0 2,552 1.4 1.8 2,796 1.4
      No 98.0 139,540 98.6 98.1 167,826 98.6
      Missing 0.1 88 0.1 0.1 151 0.0
Dementia 
      Yes 0.6 645 0.5 0.4 629 0.5
      No 99.4 141,440 99.5 99.5 170,034 99.4
      Missing 0.1 94 0.1 0.1 109 0.1
Fragility 
      Help with basic tasks 6.6 8,570 5.4 13.6 22,096 11.4
      Limitation due to health 21.7 30,749 18.8 20.3 34,852 17.8
      No limitations 71.4 102,527 75.5 65.8 113,449 70.6
      Missing 0.3 334 0.3 0.2 376 0.2
*Data source: Canadian Community Health Survey (CCHS) 2.1, 3.1 and 4.1 (2003, 2005 and 2007/08).
‡Population estimated using the CCHS sampling weights.
funded14. In Ontario, the focus of the study, out-patient 
prescription drugs are, for the most part, not publicly funded for 
people less than age 65 years unless they receive low-income 
social assistance (see next section).
We examined publicly funded person-level health care costs 
across three sectors in Ontario:  1) hospital care (inpatient hos-
pitalizations, same day surgeries, emergency department visits, 
rehabilitation hospitals, and complex continuing care centres); 
2) drugs (for Ontarians age 65 and older and Ontarians receiv-
ing social assistance, Ontario Drug Benefit costs were captured); 
and 3) community care (primary care billings, specialist billings, 
lab billings, capitation services, and home care services).
Costs to operate the provincial health care system (e.g., health 
ministry administrative costs) and capital costs for large scale 
projects (e.g., building new hospitals) are not reflected in the per-
son-level costs. To account for these exclusions in the health care 
cost analysis, we obtained annual total health care expenditures 
from publicly available Ontario Ministry of Finance records (fis-
cal years 2003 to 2013, where fiscal year is April 1 to March 31), 
the Canadian Institute for Heath Information’s National Health 
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Expenditure Trends publication, and the MOHLTC’s Report 
Card for the Ontario Drug Benefit Program publications15–27. The 
expenditures from each year were categorized into our three 
health care sectors and expenditures that did not correspond with 
any of the three sectors were assigned to an ‘other’ category.
All costs are expressed in 2014 Canadian dollars with past costs 
inflated using the annual general Consumer Price Index reported 
by Statistics Canada.
Model development
To develop multivariable cost models, Ontario respondents to the 
2003, 2005 and 2007-2008 cycles of CCHS were linked, at the 
individual level, to all records of health care use that were paid 
for by the Ontario Ministry of Health and Long-Term Care 
(MOHLTC). The cost associated with each record was estimated 
using costing methods developed for Ontario health adminis-
trative data28. Briefly, a payer (the MOHLTC) cost perspective 
was taken, using person-level health care utilization and per-
use fee information or budgetary data. Cost information for 
sectors (i.e., acute hospitalization, same day surgery, emergency 
department, inpatient rehabilitation, and complex continuing 
care) that are funded using global budgets (e.g., by institution) 
are determined using a top-down approach through case-mix 
methodology. Sectors that have fee payments associated with 
each use (e.g., prescription drugs, physician services, and home 
care) have costs estimated directly.
Beginning one year after survey administration, CCHS respond-
ents were followed for a four-year period (between 2004 and 
2013) to develop multivariable models estimating the effect of 
health behaviours on health care costs. The four-year time frame 
enabled equal follow-up time for each CCHS cycle within the 
available linked data at the time of analysis. We used a general-
ized linear model with a negative binomial distribution and 
an offset to account for variation in follow-up times to create 
separate, sex-specific models for each of the health care sectors: 
hospital care, drugs, and community care. To assess confounding 
and mediation, we use a pre-specified, stepwise modelling 
approach. We started with a health behaviour model followed by 
a basic sociodemographic model, a primary attribution model 
that adjusted for additional sociodemographic risk factors, a 
distal mediator model that included health status indicators, and 
a proximal mediator model that included a measure of fragility 
(see Figure 2). This stepwise analysis resulted in 15 models for 
each sex.
The model building approach sought to address three issues in 
assessing the contribution of health behaviours to health care 
costs. First, we were interested in having appropriate adjustment 
for other risk factors for increased costs that are correlated with 
health behaviours (e.g., age and sociodemographic risk fac-
tors). Second, we were attentive to risk factors that may mediate 
the relationship between health behaviours and health care costs 
(e.g., body mass index or hypertension). Our concern was that 
their inclusion in the model could inappropriately attenuate the 
risk from health behaviours. Third, we considered pre-existing 
illness that may have led to health behaviour change. For 
example, as people become ill and frail they may become less 
physically active; in such a situation, physical inactivity may be 
associated with increased health care cost that is more appro-
priately identified as illness-associated inactivity. The estimate 
derived from Model 3 (primary attribution model) was assumed 
to be our most accurate and appropriate estimate of the 
attributable burden due to health behaviours and socioeconomic 
position.
Estimating population attributable fractions of health care 
costs
We calculated the proportion of the health care costs that can 
be attributed to health behaviours—the population attributable 
fraction—for fiscal years 2003 to 2013, for each health care 
sector. Using the unlinked CCHS cohort, we estimated annual 
population attributable fractions using each CCHS cycle and 
for years between CCHS cycles, by averaging the population 
attributable fractions from the preceding and succeeding year.
Figure 2. Stepped approach to model building—consideration of risk factors leading to healthcare use and costs.
Page 9 of 26
F1000Research 2019, 8:303 Last updated: 07 NOV 2019
We used a factor-deleted approach to calculate population 
attributable fractions that involved three steps. In the first step, 
we estimated expected annual population health care costs for 
a specific sector by applying the corresponding sector-specific 
primary attribution models to the weighted CCHS cycle. In 
the second step, we repeated the calculation after recoding each 
respondent’s health behaviour to the counterfactual reference 
or “no exposure” category. For example, taking the weighted 
cohort, we estimated hospital costs using all smoking expo-
sures (i.e., current, former, and non-smokers) and re-estimated 
hospital costs assuming all current and former smokers were 
non-smokers. The difference between the two calculations was 
an estimate of the annual contribution of smoking to hospital 
costs. In the final step, we divided this difference by the original 
population estimate (from the first step) to produce a popula-
tion attributable fraction. In our example, this would be the 
population attributable fraction of hospital costs associated with 
smoking. Health sector specific population attributable fractions 
were calculated for each health behaviour, and the combination 
of health behaviours. 
The same analysis was performed for different socioeco-
nomic groups defined by education level, family income, home 
ownership, and neighbourhood deprivation. The equity gap in 
health care use was defined as the difference in cost between 
socioeconomic groups. Meaning, we calculated expected health 
care costs if all Ontarians were at the socioeconomic category with 
the lowest health care costs (that is, those with post-secondary 
graduation, household income of $80,000 or more, resi-
dence owned by a household member and low neighbourhood 
deprivation).
Estimating the health care cost burden of health 
behaviours and socioeconomic position in Ontario
We calculated annual estimates of costs attributable to health 
behaviours and socioeconomic position (fiscal years 2004 to 2013) 
by applying the sector-specific population attributable fractions 
to the annual public health care expenditures and summing the 
health care sector results together. The population attributable 
fraction for community care was applied to ‘other’ health care 
costs.
Estimating costs attributable to changes in health behaviours
The change in health care costs attributable to the change in 
health behaviours was estimated annually for fiscal years 2004 to 
2013. A baseline population attributable fraction for total health care 
costs associated with all health behaviours was estimated for fiscal 
year 2003 using the previously described methods for population 
attributable fractions and attributable costs. The overall health 
care budget was estimated annually over the subsequent decade, 
assuming that health behaviours in 2003 remained constant (e.g., 
the baseline population attributable fraction did not change over 
time). The difference between the counterfactual health care 
budget and the actual health care budget in each year provided an 
annual estimate of the change in health care costs attributable to 
changes in health behaviours.
Sensitivity analysis
We performed three sets of sensitivity analyses. First, the 
estimates derived from Model 1 (simply age and health 
behaviours) and Model 5 (the over-adjusted model) of our stepwise 
approach to assess confounding and mediation (Figure 2) were 
used as upper and lower bounds of uncertainty around our pri-
mary attribution model. We did not create a model with simply age 
and socioeconomic position.
For our second sensitivity analysis, we compared age-stand-
ardized cost ratios after excluding the top 5% of health care 
users to assess the possibility of overly influential respond-
ents. The use of health care varies considerably between people, 
particularly for hospital care and other speciality services. 
Only a small proportion of people are hospitalized and, of those 
hospitalized, a small proportion has multiple admissions and 
complicated long hospital stays. The skewed distribution of 
health care services has potential to distort the attributable 
health care expenditure analysis because a small proportion of 
CCHS respondents may have a strong influence on overall or total 
population estimates.
Third, we replicated analyses using an inverse propensity- 
weighted model to assess robustness of the health care cost 
ratios attributable to smoking. The inverse propensity-weighted 
model, a complimentary approach to the generalized linear 
model, is an alternative approach to adjust cost ratios for mul-
tivariable risk factors. The propensity score is defined as the 
probability of treatment assignment (e.g., non-smoker versus 
heavy smoker) conditional on observed baseline covariates29–31. 
Weighting subjects by the inverse probability of treatment received 
allows one to obtain unbiased estimates of average treatment 
effects32. Our inverse propensity-weighted analyses included sev-
eral covariates in addition to all those used in the multivariable 
analyses (i.e., the primary attribution model): household type, 
highest level of household education, main source of household 
income, labour force participation, sense of belonging to the com-
munity, regional health authority, and survey cycle.
Results
The population attributable fractions for the four behavioural 
risks were calculated using responses from 80,749 Ontarians 
surveyed between 2003 and 2008. In total, there were 312,952 
person-years of follow-up. Characteristics of the study cohort are 
presented in Table 2.
Health behaviour attributable healthcare use
From fiscal years 2004 to 2013, 22% of Ontario’s health care 
costs could be attributed to the four health behaviour risk factors 
(Figure 3). Physical activity had the largest attribution (13%), 
followed by smoking (10%). However, uncertainty for the 
burden estimates (i.e., the high and low boundaries from our 
sensitivity analyses represented by the error bars in Figure 3) 
indicates potential overestimation for physical activity and 
underestimation for diet. Alcohol-attributable health care costs 
were also likely underestimated (see limitations section).
Population health impact of behavioural risks and 
socioeconomic position
During the 10-year period (2004 to 2013), $89.3 billion in health 
care costs were attributable to health behaviours. In that same 
period, the costs attributable to health behaviours improved by 
1.9% (23.3% of total healthcare costs in 2004 to 21.4% 
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Table 3. Health care attributable and avoided costs 
by health behaviour risk factor for Ontarians aged 
25 and older, 2004 to 2013.
Risk Attributable costs 
($89.3 billion)
Avoided costs 
($5.0 billion)
Smoking 41% 84%
Alcohol 1% 0%
Diet 5% 5%
Physical activity 53% 11%
Figure 3. Proportion of health care costs attributed to selected health behaviour risk factors for Ontarians aged 25 and older, 2004 to 
2013. Error bars represent high and low boundaries on burden estimates.
in 2013). If the proportion of health care expenditure that 
can be attributed to health behaviours (the population 
attributable fraction) had remained at 23.3%, use of health care 
would have been $5.0 billion greater (what we term ‘avoided 
cost’).
Table 3 presents the burden of health behaviours related to 
health care costs ($89.3 billion) and the costs avoided by the 
adoption of healthy behaviours ($5.0 billion). Physical inactivity 
and smoking contributed the largest proportion of the burden 
(53% and 41%, respectively). However, a decline in smoking 
between 2004 and 2013 was responsible for 84% of the avoided 
costs. 
The scenarios from our sensitivity analysis (Supple-
mentary Files A-1 to A-33) demonstrate results that 
were similar to our main analysis. Not unexpectedly, the 
attribution of health care costs to health behaviours decreased 
as we increased the number of risk factors adjusted for in the 
model (Supplementary Files A-9 to A-14). Excluding high-cost 
health care users demonstrated slightly attenuated age-standardised 
cost ratios for men and women for almost all health behaviour 
risks (Supplementary Files A-1 to A-8). The inverse propensity- 
weighted model, which adjusted for additional variables, had 
similar cost ratios to the main analysis from the multivariable 
model (Supplementary Files A-31 to A-32).
Between 2004 and 2013, $60.7 billion dollars in health care 
costs (15% of all health care costs for Ontarians aged 25 years 
and older) were attributable to low socioeconomic position 
(Figure 4). When health behaviours and socioeconomic posi-
tion are considered jointly, the health care cost burden was 
$134 billion (34% of all health care costs for those aged 25 years 
and older). The break down by health care sector was similar 
for health behaviour and socioeconomic position. The largest 
portion of the burden is due to hospital care costs (46% of 
health behaviour attribution and 54% of socioeconomic position 
attribution to health care costs); followed by community care 
costs (22% and 19%), ‘other’ health care costs (21% and 19%), 
and drug costs (10% and 9%).
Discussion
We estimated that smoking, unhealthy alcohol consumption, 
poor diet and physical inactivity attributed to 22% of Ontario’s 
direct health care costs during the ten-year period from 2004 to 
2013. During this same period, improving health behaviours 
equated to a nearly 2% reduction in direct health care expendi-
ture. Ontarians in the most disadvantaged socioeconomic group 
contributed to 15% of the province’s direct health care costs. 
Taken together, health behaviours and socioeconomic position 
contributed to a burden of $134 billion in direct health care 
costs (Ontario, 2004 to 2013).
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Figure 4. Health behaviour risk factors and socioeconomic position attribution to health care costs for Ontarians aged 25 and older, 
2004 to 2013.
Estimates of the cost of modifiable health behaviours and socio-
economic risk factors provides evidence to allow policy-makers 
to prioritize interventions aimed at reducing health care costs. 
Our estimate of a 1.9% reduction in health care expenditure (i.e., 
$5 billion) through improved health behaviours, suggests that 
investments in promotion of healthy living have potential for 
substantial savings in health care costs in Canada. In our study, 
reduced smoking was the main contributor to avoided health 
behaviour attributable health care costs (accounting for 84% 
of the 1.9% cost reduction). This large cost reduction reflects 
prominent smoking prevention strategies that were introduced 
during the study period—including 100% smoke-free public 
places including restaurants33. From 2004 to 2013 there was an 
11% reduction in the attributable fraction of smoking, which 
was solely a consequence of a reduction in the prevalence 
of current smoking. The large remaining burden from health 
behaviours and social inequalities suggests that there are 
significant opportunities to further reduce health care costs 
through population health strategies.
There are several findings in our study that are likely generaliz-
able to other settings and countries. First, we found the largest 
proportion of health care expenditures were related to treat-
ing chronic illness and disease (versus prevention or health 
maintenance). For health-behaviours, almost two-thirds of the 
expenditures were associated with hospital care—the sector in 
Canada that is predominantly focused on treating illness. We 
expect in other countries, there will be a similar large propor-
tion of health behaviour attributable expenditures related to 
treating illness. Second, our study’s findings for health care 
expenditures as an outcome share a similar strength of associa-
tion, dose-response, consistency and coherence with others studies 
that have examined alternative outcomes such as death and dis-
ease. Compared to death and disease-specific studies, our study 
had a somewhat attenuated effect size—the cost ratios for health 
behaviours and health care were smaller than relative effects 
for all-cause mortality and many diseases. The smaller effect 
size seems plausible, given that the health expenditures included 
routine care, such as preventive and health maintenance services, 
that is targeted towards most populations, regardless of the health 
behaviour and sociodemographic status. In other countries, we 
expect there to be a similar effect size and dose-response, with 
differences between countries depending on the proportion of 
expenditures allocated to prevention versus treating illness. 
Similarly, there will be differences in the cost ratios for health 
behaviours and sociodemographic risks depending on the 
proportion of expenditures that are allocated towards diseases 
that are strongly associated with health behaviours and socio-
demographic risks (e.g., lung cancer) versus conditions that are 
weakly associated with these risks.
That stated, it is difficult to compare our findings with previous 
studies for two main reasons. First, various studies have estimated 
the economic burden in terms of costs for treatment and manage-
ment of chronic diseases related to smoking, alcohol, diet or physi-
cal activity, but very few have evaluated the simultaneous impact 
of multiple risk factors in a population. These latter studies have 
used traditional population aggregated-data attributable fraction 
methods to estimate economic burden11,34–38. Second, the signifi-
cant methodological differences between our study and previous 
literature limits direct comparison of findings. Briefly, tradi-
tional population attributable fraction methods identify diseases 
where health behaviours are risk factors, estimate the health care 
costs of these diseases, calculate the proportion of the disease 
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that can be attributed to the risk factors (based on relative risk of 
disease from an external source and prevalence of exposure in the 
population of interest), and apply these population attributable 
fractions to the cost data. There are limitations associated with 
these methods that stem from combining ecological summary 
measures of exposure, outcome, and hazards across different 
sources of data39. Our use of multivariable algorithms and the 
direct attribution of health behaviours to health care costs offers 
advantages over analyses that have been performed to date: 
controlling for confounders, accounting for complexities in the 
relationship between multiple exposures and covariates, using 
consistent definitions of exposure, and using specific measures of 
risk derived internally from the study population.
Our study has several limitations that we expect will 
underestimate the actual burden of health care costs attribut-
able to the four health behaviours. First, we excluded individuals 
younger than 25 years of age. In general, health care costs for 
this age group are small; however, alcohol burden for younger 
people is a notable omission. Alcohol has an important 
attribution for injury, suicide and other social burdens that 
occur disproportionately among young people40–42. Second, our 
reliance on self-reported health risk exposures will generally 
result in an underestimation of risk burden, especially for diet and 
alcohol43–46. For example, the high number of hospital admis-
sions for alcohol-related diagnoses suggest that this study 
underestimated alcohol-attributable costs47. The Canadian 
Community Health Surveys include two food-focus surveys 
(conducted in 2004 and 2015) that have recently been individu-
ally linked to mortality and hospital data48. It is feasible to link 
these data in Ontario for more detailed assessment of diet burden. 
In what is referred to as “social desirability bias”, survey respond-
ents tend to over-report what they perceive as healthy behav-
iour and underreport unhealthy behaviour49. As an example, 
self-reported alcohol consumption in surveys accounts about 
half the volume of alcohol sold50,51. While reporting accuracy 
affects all risks in this study, burden estimates are mostly affected 
when people report they are in the healthiest category and 
they are actually in an unhealthy category. Third, the survey’s 
brief questions about risks may not capture the full spectrum of 
behaviour. For example, our measure of physical activity (lei-
sure-time physical activity) did not include active transportation 
(such as walking and bicycling to work), work activity, or seden-
tary time and our measure of diet (fruit and vegetable consump-
tion) did not specifically ascertain intake of sodium, trans fats, 
calories or other aspects of healthy and unhealthy eating. 
Fourth, we used respondents’ answers to health behaviours and 
other risks that correspond to their health behaviour at the time 
of the survey. In general, studies that consider lifetime changes 
in risks generate higher burden estimates. Our physical activity 
burden estimates may be an exception, where reverse-causality 
(i.e., ill health is the cause of reduced physical activity) results 
in overestimation. Fifth, “other” health care costs—including 
health care system operating costs and capital costs—are not 
included in our health care cost data and were estimated indirectly. 
Sixth, we did not include indirect costs (such as lost productiv-
ity, wages and income related to illness associated with unhealthy 
living, or costs borne by individuals to care for their illness), 
nor did we include costs for health care beyond those paid by the 
provincial government (e.g., employee health plans).
Despite these limitations, our study demonstrates the impor-
tance of integrating public health and prevention within the 
health care system. A greater investment in disease prevention 
and population health could help increase the sustainability of 
publicly funded health care by reducing spending on illness, 
particularly with respect to hospital care. Combining this effort 
with strategies that address social determinants of health could 
secure further benefits. Indeed, our study suggests that inter-
ventions outside the health care system, such as improving 
levels of income and education, and other risk factors that 
influence socioeconomic position, will reduce health care costs. 
The health system is one determinant of population health and 
attention must be paid to the needs of disadvantaged individu-
als, populations, and communities in order to avoid increasing 
health disparities52. While health inequities play a significant 
role in health system costs, estimating the cost of the gap in 
health care as a result of socioeconomic position can be difficult 
because of the complexity of the problem. Our study is one of 
the few that has been able to translate this gap into a dollar figure.
Conclusions
Our study shows that health behaviours and socioeconomic 
position contribute to a large health care cost burden. Better 
health and well-being is the primary goal of improving 
health behaviours and reducing social inequity. However, it is 
important to recognize that existing investments in public health 
also results in a large reduction in expenditure in the acute 
care sector, particularly hospital care. The health premium of 
prevention and social equity is an overlooked opportunity for a 
sustainable health care system.
Data availability
Underlying data
The dataset from this study is held securely in coded form at 
ICES. While data sharing agreements prohibit ICES from 
making the dataset publicly available, access may be granted 
to those who meet pre-specified criteria for confidential 
access, available at www.ices.on.ca/DAS. The full dataset 
creation plan and underlying analytic code are available from 
the authors upon request, understanding that the computer 
programs may rely upon coding templates or macros that are 
unique to ICES and are therefore either inaccessible or may 
require modification.
Extended data
Open Science Framework: Burden of health behaviours and 
socioeconomic position on health care expenditure in Ontario. 
https://doi.org/10.17605/OSF.IO/KW4C553. 
This project contains the sensitivity analysis supplementary file.
Extended data are available under the terms of the Creative 
Commons Attribution 4.0 International license (CC-BY 4.0).
Acknowledgements
We are grateful for the contributions of Sima Gandhi and Erika 
Yates as well as our Scientific and Policy Advisory Commit-
tees—namely, Peter Austin, Bernard Choi, Prabhat Jha, Isra Levy, 
Heather Manson, Claudia Sanmartin, Joanne Thanos, and Pegeen 
Walsh.
Page 13 of 26
F1000Research 2019, 8:303 Last updated: 07 NOV 2019
References
1. Lim SS, Vos T, Flaxman AD, et al.: A comparative risk assessment of burden of 
disease and injury attributable to 67 risk factors and risk factor clusters in 21 
regions, 1990-2010: a systematic analysis for the Global Burden of Disease 
Study 2010. Lancet. 2012; 380(9859): 2224–60.  
PubMed Abstract | Publisher Full Text | Free Full Text 
2. Ding D, Lawson KD, Kolbe-Alexander TL, et al.: The economic burden of physical 
inactivity: a global analysis of major non-communicable diseases. Lancet. 
2016; 388(10051): 1311–24.  
PubMed Abstract | Publisher Full Text 
3. Simmons G, Jackson R, Swinburn B, et al.: The increasing prevalence of obesity 
in New Zealand: is it related to recent trends in smoking and physical activity? 
N Z Med J. 1996; 109(1018): 90–92.  
PubMed Abstract 
4. Lin AM, Lin MP, Markovic D, et al.: Less Than Ideal: Trends in Cardiovascular 
Health Among US Stroke Survivors. Stroke. 2019; 50(1): 5–12.  
PubMed Abstract | Publisher Full Text 
5. Krieger N, Williams DR, Moss NE: Measuring social class in US public health 
research: concepts, methodologies, and guidelines. Annu Rev Public Health. 
1997; 18: 341–78. 
PubMed Abstract | Publisher Full Text 
6. Social Determinants and Science Integration Directorate, Public Health Agency of 
Canada: Report summary - The Direct Economic Burden of Socioeconomic 
Health Inequalities in Canada: An Analysis of Health Care Costs by Income 
Level. Health Promot Chronic Dis Prev Can. 2016; 36(6): 118–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 
7. Canadian Population Health Initiative: Reducing gaps in health: A focus on 
socio-economic status in urban Canada. Ottawa, Ontario: Canadian Institute for 
Health Information (CIHI). Institut canadien d’information sur la santé. 2008.  
Reference Source
8. McIntosh CN, Fines P, Wilkins R, et al.: Income disparities in health-adjusted life 
expectancy for Canadian adults, 1991 to 2001. Health Rep. 2009; 20(4): 55–64.  
PubMed Abstract 
9. Chief Public Health Officer of Canada: The Chief Public Health Officer’s report 
on the state of public health in Canada: addressing health inequalities. Ottawa 
(ON); 2008.  
Reference Source
10. Beland Y: Canadian community health survey--methodological overview. 
Health Rep. 2002; 13(2): 9–14.  
PubMed Abstract 
11. Manuel DG, Perez R, Sanmartin C, et al.: Measuring Burden of Unhealthy 
Behaviours Using a Multivariable Predictive Approach: Life Expectancy Lost 
in Canada Attributable to Smoking, Alcohol, Physical Inactivity, and Diet. PLoS 
Med. 2016; 13(8): e1002082.  
PubMed Abstract | Publisher Full Text | Free Full Text 
12. Pampalon R, Raymond G: A deprivation index for health and welfare planning 
in Quebec. Chronic Dis Can. 2000; 21(3): 104–13.  
PubMed Abstract 
13. Canadian Population Health Initiative: Reducing gaps in health: A focus on 
socio-economic status in urban Canada. Ottawa, Ontario: Canadian Institute for 
Health Information (CIHI). Institut canadien d’information sur la santé; 2008.  
Reference Source
14. Canadian Institute for Health Information: National Health Expenditure Trends, 
1975 to 2017. Ottawa, ON: CIHI; 2017.  
Reference Source
15. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2003-2004. Toronto, ON: Ministry of Finance; 
2004; Accessed January 7, 2019.  
Reference Source
16. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2004-2005. Toronto, ON: Ministry of Finance; 
2005; Accessed January 7, 2019.  
Reference Source
17. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2005-2006. Toronto, ON: Ministry of Finance; 
2006; Accessed January 7, 2019.  
Reference Source
18. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2006-2007. Toronto, ON: Ministry of Finance; 
2007; Accessed January 7, 2019.  
Reference Source
19. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2007-2008. Toronto, ON: Ministry of Finance; 
2008; Accessed January 7, 2019.  
Reference Source
20. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2008-2009. Toronto, ON: Ministry of Finance; 
2009; Accessed January 7, 2019.  
Reference Source
21. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2009-2010. Toronto, ON: Ministry of Finance; 
2010; Accessed January 7, 2019.  
Reference Source
22. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2010-2011. Toronto, ON: Ministry of Finance; 
2011; Accessed January 7, 2019.  
Reference Source
23. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2011-2012. Toronto, ON: Ministry of Finance; 
2012; Accessed January 7, 2019.  
Reference Source
24. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2012-2013. Toronto, ON: Ministry of Finance; 
2013; Accessed January 7, 2019.  
Reference Source
25. Ontario Ministry of Finance, Public accounts of Ontario: Annual Report and 
Consolidated Financial Statements, 2013-2014. Toronto, ON: Ministry of Finance; 
2014; Accessed January 7, 2019.  
Reference Source
26. Canadian Institute for Health Information: National Health Expenditure Trends, 
1975 to 2015. Ottawa, ON; 2015; Accessed February 16, 2016.  
Reference Source
27. Ontario Ministry of Health and Long-Term Care, Annual ODB Report Cards. 
Accessed January 7, 2018.  
Reference Source
28. Wodchis WP, Bushmeneva K, Nikitovic M, et al.: Guidelines on Person-Level 
Costing Using Administrative Databases in Ontario. Toronto; 2013; 1.  
Reference Source
29. Rosenbaum PR, Rubin DB: The central role of the propensity score in 
observational studies for causal effects. Biometrika. 1983; 70(1): 41–55.  
Publisher Full Text 
30. Rosenbaum PR, Rubin DB: Reducing bias in observational studies using 
subclassification on the propensity score. J Am Stat Assoc. 1984; 79(387): 
516–524.  
Publisher Full Text 
31. Austin PC: An Introduction to Propensity Score Methods for Reducing the 
Effects of Confounding in Observational Studies. Multivariate Behav Res. 2011; 
46(3): 399–424.  
PubMed Abstract | Publisher Full Text | Free Full Text 
32. Austin PC, Stuart EA: Moving towards best practice when using inverse 
probability of treatment weighting (IPTW) using the propensity score to 
estimate causal treatment effects in observational studies. Stat Med. 2015; 
34(28): 3661–3679.  
PubMed Abstract | Publisher Full Text | Free Full Text 
33. Ontario Ministry of Health and Long Term Care: Smoke-Free Ontario: The Next 
Chapter for a Healthier Ontario. Queen’s Printer for Ontario; 2018; Accessed 
January 7, 2019.  
Reference Source
34. Scarborough P, Bhatnagar P, Wickramasinghe KK, et al.: The economic burden 
of ill health due to diet, physical inactivity, smoking, alcohol and obesity in the 
UK: an update to 2006-07 NHS costs. J Public Health (Oxf). 2011; 33(4): 527–35.  
PubMed Abstract | Publisher Full Text 
35. Krueger H, Krueger J, Koot J: Variation across Canada in the economic burden 
attributable to excess weight, tobacco smoking and physical inactivity. Can J 
Public Health. 2015; 106(4): e171–7.  
PubMed Abstract | Publisher Full Text 
36. Cadilhac DA, Magnus A, Sheppard L, et al.: The societal benefits of reducing six 
behavioural risk factors: an economic modelling study from Australia. BMC 
Public Health. 2011; 11: 483.  
PubMed Abstract | Publisher Full Text | Free Full Text 
37. Krueger H, Koot J, Andres E: The economic benefits of fruit and vegetable 
consumption in Canada. Can J Public Health. 2017; 108(2): e152–e61.  
PubMed Abstract | Publisher Full Text 
38. Levin ML, Bertell R: RE: “simple estimation of population attributable risk from 
case-control studies. Am J Epidemiol. 1978; 108(1): 78–79.  
PubMed Abstract | Publisher Full Text 
39. Tanuseputro P, Perez R, Rosella L, et al.: Improving the estimation of the burden 
of risk factors: an illustrative comparison of methods to measure smoking-
attributable mortality. Popul Health Metr. 2015; 13(1): 5.  
PubMed Abstract | Publisher Full Text | Free Full Text 
40. MacKinnon N, Colman I: Factors Associated with Suicidal Thought and Help-
Seeking Behaviour in Transition-Aged Youth versus Adults. Can J Psychiatry. 
2016; 61(12): 789–96.  
PubMed Abstract | Publisher Full Text | Free Full Text 
41. Public Health Agency of Canada: The Chief Public Health Officer’s Report on 
the State of Public Health in Canada, 2015: Alcohol Consumption in Canada. 
Ottawa, Canada; 2016.  
Reference Source
42. World Health Organization: Alcohol and injury in emergency departments: 
summary of the report from the WHO Collaborative Study on Alcohol and 
Page 14 of 26
F1000Research 2019, 8:303 Last updated: 07 NOV 2019
Injuries. 2007.  
Reference Source
43. Whitford JL, Widner SC, Mellick D, et al.: Self-report of drinking compared to 
objective markers of alcohol consumption. Am J Drug Alcohol Abuse. 2009; 
35(2): 55–8.  
PubMed Abstract | Publisher Full Text 
44. Shields M, Connor Gorber S, Tremblay MS: Estimates of obesity based on self-
report versus direct measures. Health Rep. 2008; 19(2): 61–76.  
PubMed Abstract 
45. Wong SL, Shields M, Leatherdale S, et al.: Assessment of validity of self-
reported smoking status. Health Rep. 2012; 23(1): 47–53.  
PubMed Abstract 
46. Muggah E, Graves E, Bennett C, et al.: Ascertainment of chronic diseases using 
population health data: a comparison of health administrative data and patient 
self-report. BMC Public Health. 2013; 13: 16.  
PubMed Abstract | Publisher Full Text | Free Full Text 
47. Canadian Institute for Health Information: Alcohol Harm in Canada: Examining 
Hospitalizations Entirely Caused by Alcohol and Strategies to Reduce Alcohol 
Harm. Ottawa. Canada. 2017.  
Reference Source
48. Garriguet D: Diet quality in Canada. Health Rep. 2009; 20(3): 41–52.  
PubMed Abstract 
49. Kreuter F, Presser S, Tourangeau R: Social desirability bias in CATI, IVR, and 
Web surveys the effects of mode and question sensitivity. Public Opin Q. 2008; 
72(5): 847–65.  
Publisher Full Text 
50. Gmel G, Rehm J: Measuring alcohol consumption. Contemp Drug Probl. 2004; 
31(3): 467–540.  
Reference Source
51. Rehm J, Patra J, Popova S: Alcohol-attributable mortality and potential years of 
life lost in Canada 2001: implications for prevention and policy. Addiction. 2006; 
101(3): 373–84.  
PubMed Abstract | Publisher Full Text 
52. Wodchis WP, Austin PC, Henry DA: A 3-year study of high-cost users of health 
care. CMAJ. 2016; 188(3): 182–8.  
PubMed Abstract | Publisher Full Text | Free Full Text 
53. Manuel DG, Bennett C: Burden of health behaviours and socioeconomic 
position on health care expenditure in Ontario. 2019.  
http://www.doi.org/10.17605/OSF.IO/KW4C5
Page 15 of 26
F1000Research 2019, 8:303 Last updated: 07 NOV 2019
 Open Peer Review
  Current Peer Review Status:
Version 2
 07 November 2019Reviewer Report
https://doi.org/10.5256/f1000research.22992.r55278
© 2019 Ding M. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License
work is properly cited.
   Melody Ding
Prevention Research Collaboration/the Charles Perkins Centre, Sydney School of Public Health, The
University of Sydney, Sydney, NSW, Australia
I am happy with the revision. Thank you for addressing my comments.
 No competing interests were disclosed.Competing Interests:
Reviewer Expertise: Lifestyle epidemiology, physical activity and health, cost of illness analysis.
I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.
Version 1
 04 July 2019Reviewer Report
https://doi.org/10.5256/f1000research.19913.r49969
© 2019 Ding M. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License
work is properly cited.
   Melody Ding
Prevention Research Collaboration/the Charles Perkins Centre, Sydney School of Public Health, The
University of Sydney, Sydney, NSW, Australia
Thank you for the opportunity to review this paper. In this study, the authors presented some novel and
interesting analyses to explore health care cost attributable to unhealthy lifestyle patterns and
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socioeconomic position (SEP; or, perhaps more meaningful, socioeconomic inequalities?). Compared
with existing literature on this topic, this study has a few unique contributions: 1) The authors modelled
several lifestyle risk factors simultaneously, both in terms of contribution of individual risk factors and
combined lifestyle profiles; 2) the authors used data across multiple years and considered the change in
attributable and avoided costs over time; 3) the authors considered both lifestyle behaviours and low SEP
as risk factors, both individually and combined. However, I have several recommendations for the authors
to consider. 
The information regarding the measurement of lifestyle risk factors and SEP is critical and should
be presented with details. What measurement instruments were used? What are the reliability and
validity of these measures, what is the rationale for the categorisation? Particularly, the small
proportion of healthcare cost attributable to poor diet may be a result of the limitations of the
measure (I consider the dietary measure to be a fruit and vegetable intake measure only). 
 
Although it is interesting and informative to examine healthcare cost associated with low SEP, I
think this idea may require a little bit more consideration. SEP is a relative concept, so what is the
practical interpretation of PAF associated with SEP? Were the authors considering the healthcare
cost that could have been averted if everyone was of high socioeconomic status? Particularly, how
do we correctly interpret PAF associated with ethnicity? What are the counterfactuals? 
To me, it may be more meaningful to estimate the PAF of socioeconomic inequality, rather than
SEP. 
 
It seems that the authors have a-priori decided to model women and men separately? What is the
rationale? However, later on in the paper, when describing the economic cost, all results were
presented for both sexes combined. Is there an explanation for this? 
 
It looks like the authors have conducted thorough and comprehensive statistical analysis.
However, most results are not presented. For example, results from the regression analysis (at
least for Model 3) could be of interest to readers. 
 
The change analysis between 2004 and 2013: is this based on modelling using all data points or
the two time points only? 
 
Could you please provide more information and a reference for inverse propensity-weighted
analyses? 
 
Sorry if I have missed this point from the paper. The modelling of SEP is based on adjusted
analysis considering lifestyle risk factors? As we know SEP is a strong predictor of lifestyle
behaviour, so parts of the association between SEP and healthcare cost would be explained by
lifestyle behaviours. It would be useful if the authors more explicitly define the part of PAF
attributable SEP independent of lifestyle risk factors. 
 
Given that the data spans over 10 years, have the authors considered inflation? Particularly
healthcare specific inflation? It may be worth discussing that the change in PAF over time could be
a result of a change in population health behaviour of that in the average costs of certain health
care procedures/items. 
 
Furthermore, the authors may consider the checklist we developed for reporting cost of illness
analysis.1
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Minor comments/questions: 
Abstract: Taken together, health behaviours and socioeconomic position were associated with
34% ($134 billion)… suggest add "these" before health behaviours, because this is only referring
to the 4 selected behaviours, not health behaviour in general.
 
Methods: could the authors provide some justification regarding why these lifestyle behaviours
were selected? 
 
Results: “uncertainty for the burden estimates indicates potential overestimation for physical
activity and underestimation for diet.” Could the authors provide some justification for this
statement? 
 
The units for the physical activity measure seem incorrect. Could it be MET hour, instead of MET?
References
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© 2019 Mehta S. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License
work is properly cited.
   Suneela Mehta
 School of Population Health, Section of Epidemiology and Biostatistics, University of Auckland,
Auckland, New Zealand
This elegant analysis aims to estimate direct healthcare costs in Ontario associated with four adverse
health behaviours, the change in direct health care costs associated with these health behaviours over
time and the direct healthcare costs associated with low socioeconomic position. This is an extremely
valuable endeavour; clarifying the economic cost associated with health behaviour risk factors and lower
socioeconomic status assists decision makers in prioritising public health strategies focussed on these
domains. The introduction provides a thoughtful background to the study, the definition of the behavioural
risk factors (Table 1) and representativeness of the cohort (Table 2) are clearly outlined and the
discussion of the study limitations is excellent.
However, some additional details and minor amendments would be useful:
The analysis relates to publicly-funded health care costs in Ontario but as an international reader, it
would be helpful to get a brief background of the structure of health system in Canada, and any
aspects that are unique to Ontario. In particular, what proportion of healthcare is delivered in the
private health sector?
Related to point 1), how generalisable are the findings to Canada as a whole and other countries? 
The descriptions of the public health care spending data considered (on page 4) and the linkage to
person-level health care costs (outlined in the Model development section beginning on page 4)
are very clear, but the incorporation of the costs to operate the health system into the modelling
process needs some further explanation. Are these non-person level costs considered in the
MOHLTC costing perspective developed for Ontario health administrative data that is mentioned at
the top of page 5? Also, fifteen models have been developed (five per sex for each of the three
identified health care sectors) so how have the expenditures associated with the ‘Other” category
mentioned on page 4 been considered in the analysis?
In the first paragraph of the section entitled “Sensitivity analysis”, is the explanation of the stepwise
model approach describing something different to the description of the model building process
detailed on page 5? If not, then I would delete the latter and just leave the last sentence that
mentions that models 1 and 5 were used as upper and lower bounds. Furthermore, I would move
the information that the primary attribution models were assumed to provide the most accurate
estimate of attributable burden of adverse health behaviours to the description on page 5. 
It would be good to briefly outline the rationale for using a four year period of follow-up on page 5
where this is first mentioned.  Also, the titles of tables A-5 to A-8 in the supplementary data state
that a five year period between 2004 and 2013 was analysed so these should either be corrected if
they are typos or further detail provided in the sensitivity analysis section of the methods.
Results are presented in Figure 4 for health care costs attributable to low socioeconomic position
but there is no corresponding definition of low socioeconomic position in the methods or results. 
Minor amendments:
In the methods section of the abstract, it would be helpful to add that the unlinked, cross-sectional
CCHS samples for each year from 2004 to 2013 were Ontario samples only.
The sentence in the results section of the abstract beginning “Taken together, health behaviours…”
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The sentence in the results section of the abstract beginning “Taken together, health behaviours…”
would be more accurate if stated as “Taken together, these four adverse health behaviours and low
socioeconomic position were associated with 34% ….”. Similarly, the conclusion of the abstract
and other sentences similarly worded throughout the paper as well as the labels assigned to Figure
4 would benefit from being reworded to something like “adverse health behaviours” and “low
socioeconomic position”.
In the results section describing the sensitivity analyses, it would be helpful to the reader to include
the corresponding table numbers in the supplementary data. 
The latter part of the sentence in the discussion on page 12 beginning “Fifth, “other” health care
costs…” should read ‘are not included   our health care cost data…’in
Is the work clearly and accurately presented and does it cite the current literature?
Yes
Is the study design appropriate and is the work technically sound?
Yes
Are sufficient details of methods and analysis provided to allow replication by others?
Partly
If applicable, is the statistical analysis and its interpretation appropriate?
Yes
Are all the source data underlying the results available to ensure full reproducibility?
Partly
Are the conclusions drawn adequately supported by the results?
Yes
 No competing interests were disclosed.Competing Interests:
Reviewer Expertise: Epidemiology of chronic diseases, cardiovascular risk prediction modelling, linked
administrative health data
I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.
Author Response 02 May 2019
, Bruyère Research Institute, Ottawa, CanadaDoug Manuel
We thank you for the constructive review and agree with your suggested edits to improve the
comprehensiveness of the paper. Our plan is to submit a revised version, addressing the
proportion of health care costs covered by Ontario’s public health care system and generalizability
of results; clarifying the methods for modelling person-level health care costs, the stepped
approach to model building, and follow-up period; and, defining measurement of SEP. However,
given the current version is under review by another reviewer, we will wait to submit a revised
version. 
 No competing interests were disclosed.Competing Interests:
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 Author Response 04 Oct 2019
, Bruyère Research Institute, Ottawa, CanadaDoug Manuel
Thank you for your constructive review. We provide a point-by-point summary of response to your
comments below.
1. The analysis relates to publicly-funded health care costs in Ontario but as an
international reader, it would be helpful to get a brief background of the structure of
health system in Canada, and any aspects that are unique to Ontario. In particular, what
proportion of healthcare is delivered in the private health sector?
We have added a description of Canada’s health care system to the methods section Public health
.care spending data
2. Related to point 1), how generalisable are the findings to Canada as a whole and other
countries? 
We have added a new paragraph in the Discussion (paragraph 3) that focuses solely on
generalizability.
3. The descriptions of the public health care spending data considered (on page 4) and
the linkage to person-level health care costs (outlined in the Model development section
beginning on page 4) are very clear, but the incorporation of the costs to operate the
health system into the modelling process needs some further explanation. Are these
non-person level costs considered in the MOHLTC costing perspective developed for
Ontario health administrative data that is mentioned at the top of page 5? Also, fifteen
models have been developed (five per sex for each of the three identified health care
sectors) so how have the expenditures associated with the ‘Other” category mentioned on
page 4 been considered in the analysis?
Failure to indicate our method to incorporate ‘other’ health care costs (i.e., total provincial health
care expenditures minus expenditures in hospital care, community care and drugs) was an
oversight. We applied the population attributable fraction from community care to the indirectly
estimated other health care costs. We have added this detail to the methods section Estimating the
health care cost burden of health behaviours and socioeconomic position in Ontario.
4. In the first paragraph of the section entitled “Sensitivity analysis”, is the explanation of
the stepwise model approach describing something different to the description of the
model building process detailed on page 5? If not, then I would delete the latter and just
leave the last sentence that mentions that models 1 and 5 were used as upper and lower
bounds. Furthermore, I would move the information that the primary attribution models
were assumed to provide the most accurate estimate of attributable burden of adverse
health behaviours to the description on page 5.
We have revised the text as suggested to address the confusion regarding the model building
approach.
5. It would be good to briefly outline the rationale for using a four year period of follow-up
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 5. It would be good to briefly outline the rationale for using a four year period of follow-up
on page 5 where this is first mentioned.  Also, the titles of tables A-5 to A-8 in the
supplementary data state that a five year period between 2004 and 2013 was analysed so
these should either be corrected if they are typos or further detail provided in the
sensitivity analysis section of the methods.
We have added details to the   section to clarify the choice of a four-yearModel development
follow-up time frame.
The supplementary appendices were erroneously labelled. We have revised accordingly.
6. Results are presented in Figure 4 for health care costs attributable to low
socioeconomic position but there is no corresponding definition of low socioeconomic
position in the methods or results. 
We have added details to the methods section Estimating population attributable fractions of health
 to define the comparator group the the SEP analysis.care costs
Minor amendments:
1.  In the methods section of the abstract, it would be helpful to add that the unlinked,
cross-sectional CCHS samples for each year from 2004 to 2013 were Ontario samples
only.
Done
2. The sentence in the results section of the abstract beginning “Taken together, health
behaviours…” would be more accurate if stated as “Taken together, these four adverse
health behaviours and low socioeconomic position were associated with 34% ….”.
Similarly, the conclusion of the abstract and other sentences similarly worded throughout
the paper as well as the labels assigned to Figure 4 would benefit from being reworded to
something like “adverse health behaviours” and “low socioeconomic position”.
Done
3. In the results section describing the sensitivity analyses, it would be helpful to the
reader to include the corresponding table numbers in the supplementary data. 
Done
4. The latter part of the sentence in the discussion on page 12 beginning “Fifth, “other”
health care costs…” should read ‘are not included  our health care cost data…’in
Done 
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Thank you for your helpful review. We have added a number of details to respond to your points.
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 Thank you for your helpful review. We have added a number of details to respond to your points.
See our point-by-point response below.
1. The information regarding the measurement of lifestyle risk factors and SEP is critical
and should be presented with details. What measurement instruments were used? What
are the reliability and validity of these measures, what is the rationale for the
categorisation? Particularly, the small proportion of healthcare cost attributable to poor
diet may be a result of the limitations of the measure (I consider the dietary measure to be
a fruit and vegetable intake measure only). 
We have added details to the methods section Behavioural and other risk factors for health care
 to more fully describe measurement of health behaviour and sociodemographic risk factors.use
We have also expanded the discussion   section.Limitations
2. Although it is interesting and informative to examine healthcare cost associated with
low SEP, I think this idea may require a little bit more consideration. SEP is a relative
concept, so what is the practical interpretation of PAF associated with SEP? Were the
authors considering the healthcare cost that could have been averted if everyone was of
high socioeconomic status? Particularly, how do we correctly interpret PAF associated
with ethnicity? What are the counterfactuals? 
We agree, SEP is a relative concept. We have framed the analysis as an equity gap and added
details to the  to describe theEstimating population attributable fractions of health care costs 
exposures used for the analysis.
 3. To me, it may be more meaningful to estimate the PAF of socioeconomic inequality,
rather than SEP. 
See above.
4. It seems that the authors have a-priori decided to model women and men separately?
What is the rationale? However, later on in the paper, when describing the economic cost,
all results were presented for both sexes combined. Is there an explanation for this? 
Yes, we did a priori model men and women separately. There were several considerations such as
differential misclassification bias of exposure (e.g., men and women have different pattern of
misclassification error for weight and height). Many/most studies of the underlying leading causes
of diseases sex-stratify based, for example, on the observed effect modification for cardiovascular
disease and most leading causes of cancer. The results were then combined to clearly present our
main focus on health behaviours and SEP.
5. It looks like the authors have conducted thorough and comprehensive statistical
analysis. However, most results are not presented. For example, results from the
regression analysis (at least for Model 3) could be of interest to readers. 
We agree with your suggestion. As you can appreciate, there was a wide range of components for
the study. However, on reflection we agree that these models are of interest, particularly for
replication or for use by other jurisdictions who may use the estimated to indirectly model burden.
These models will be added to the on-line figure repository. (The analyst who created those
models is currently on leave).
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 models is currently on leave).
6. The change analysis between 2004 and 2013: is this based on modelling using all data
points or the two time points only? 
We have revised the methods section Estimating costs attributable to changes in health
to more clearly indicate that this analysis is based on annual estimates.behaviours 
7. Could you please provide more information and a reference for inverse
propensity-weighted analyses? 
We have added additional details and references to the description of the inverse
propensity-weighted sensitivity analysis.
8. Sorry if I have missed this point from the paper. The modelling of SEP is based on
adjusted analysis considering lifestyle risk factors? As we know SEP is a strong predictor
of lifestyle behaviour, so parts of the association between SEP and healthcare cost would
be explained by lifestyle behaviours. It would be useful if the authors more explicitly
define the part of PAF attributable SEP independent of lifestyle risk factors. 
The findings for both health behaviours and SEP were estimated using Model 3 simultaneously for
health behaviours and SEP. We have clarified this in the manuscript.
We agree with the reviewer’s perspective that SEP and health behaviours have strong
relationships with complex pathways.
As such, Model 3 likely represents a somewhat conservative estimate of the independent effects of
either health behaviours or SEP. The sensitivity analyses were performed with less and more
specified models to gauge the potential effect of adding or removing mediators. Model 1 was a
simple model of health behaviours without SEP measures. Of note, we didn’t create to
complementary model—i.e., a simple model of SEP without health behaviour measures.
Given the complex relationships, we recognize that there are alternative methods approaches that
we hope will be further explored in future studies.
9. Given that the data spans over 10 years, have the authors considered inflation?
Particularly healthcare specific inflation? It may be worth discussing that the change in
PAF over time could be a result of a change in population health behaviour of that in the
average costs of certain health care procedures/items. 
For this study, all costs are expressed in 2014 Canadian dollars with past costs inflated using the
annual general Consumer Price Index from Statistics Canada. It is unclear what is meant by
“…could be a result of a change in population health behaviour of that in the average costs of
certain health care procedures/items.”
10. Furthermore, the authors may consider the checklist we developed for reporting cost
of illness analysis.
We’ve completed the checklist and added it to the on-line repository. We had been holding off
using a reporting guideline until those for population modelling studies (
) became available.http://www.mrc-epid.cam.ac.uk/ph-modelling-guidelines/
We have also performed studies that have examined how modelling/burden studies can be
reported and found the CHEERS guidelines are relevant.
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 reported and found the CHEERS guidelines are relevant.
Minor comments/questions: 
 
1. Abstract: Taken together, health behaviours and socioeconomic position were
associated with 34% ($134 billion)… suggest add "these" before health behaviours,
because this is only referring to the 4 selected behaviours, not health behaviour in
general.
We have modified the language in the abstract to more clearly indicate the attributable costs are
related to select health behaviours and socioeconomic measures.
2. Methods: could the authors provide some justification regarding why these lifestyle
behaviours were selected? 
In the Introduction we highlight our focus on smoking, unhealthy alcohol consumption, poor diet
and physical inactivity as the leading risk factors for morbidity and mortality worldwide.
3. Results: “uncertainty for the burden estimates indicates potential overestimation for
physical activity and underestimation for diet.” Could the authors provide some
justification for this statement?
We have added details to the results section   toHealth behaviour attributable healthcare use
indicate we are referring to the sensitivity analyses represented by the error bars in Figure 3.
4. The units for the physical activity measure seem incorrect. Could it be MET hour,
instead of MET?
We have clarified in the table that our measure was MET-hours/day. 
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